Introduction
Magnesium and its related materials are intensively studied as promising candidates for hydrogen storage because of their high capacity and low cost. In the past few decades, much effort has been made to improve the hydrogen absorption/desorption kinetics of Mg-based alloys by using new processing methods, composite formation and the catalyst surface treatment (Sakintuna et al., 2007; Polanski et al., 2008) . Unfortunately, sorption kinetics at the temperatures lower than 300 C still remains problematic and therefore to overcome this problem further research is needed. Recently, Kelton (2004) and Kelton (2002, 2006) have shown that Ti-based quasicrystals possess attractive properties as hydrogen storage materials. TiZrNi quasicrystals can absorb large amounts of hydrogen due to a large number of tetrahedral sites in the quasilattice and the favorable alloy chemistry. If the ability of a quasicrystal to absorb hydrogen is mainly depended on the chemical affinity between hydrogen and host atom, and a type, a size and a total number of interstitial sites in the crystal, then the other quasicrystals based on Mg, Li, Zr and Y may exhibit an ability to store large amounts of hydrogen.
The purpose of this work is to present the results on the hydriding properties of the Mg--Al--Zn icosahedral quasicrystal prepared by using mechanical alloying (MA). We have focused on the stable quasicrystalline phase existing in a narrow composition range close to Mg 44 Al 15 Zn 41 Takeuchi and Mizutani, 1995) . To the best of our knowledge, there is no other work in the literature on the hydriding properties of Mg-based quasicrystals and/or their related approximants. The Mg--Al--Zn quasicrystals can be easily synthesized by the MA of elemental powders mixture (Ivanow et al., 1991; Bokhonov et al., 1992 Bokhonov et al., , 1993 Bokhonov et al., , 2000 Mizutani et al., 1993) . Additionally, the MA should increase the reactivity of the synthesized Mg--Al--Zn quasicrystal with hydrogen, compared to similar phases obtained by the meltspinning or the annealing of alloys.
Experimental procedure
Commercially pure Mg (99,8%; purchased from Alfa Aesar), Al (99%; purchased from Sigma Aldrich) and Zn (99%; purchased from Riedel) elemental powders were used as starting materials. A powder mixture with a chemical composition of Mg 44 Al 15 Zn 41 was poured into stainless steel vials with stainless steel balls. Mechanical alloying was carried out in a Fritsch P6 planetary mono mill. A ball to powder weight ratio was 20 : 1 and the milling time was up to 10 h. The rotation rate of the milling container was fixed to 650 rpm. All the handlings of the powders were conducted in a Labmaster Workstation under continuously purified argon atmosphere. The amount of oxygen and water was below 0.1 ppm.
The morphological and microstructural examinations of the powders were conducted with a scanning electron microscope Philips XL30 (LaB 6 ), equipped with a backscattered electron (BSE) detector and an energy-dispersive Xray spectrometer (EDAX). The X-ray diffraction (XRD) profiles for milled, annealed and hydrided powders were recorded with a Seifert C3000 diffractometer using CoK a radiation at the operating parameters of 40 mA, 40 kV and the step size 0.03 per 3 s.
Hydrogenation properties of the sample milled for 10 h were investigated by using a HTP1-S apparatus (Hiden Isochema Ltd.). Absorption isotherms at 200, 300, 400 C were carried out in the pressure range 1-100 bar with 10 bar step of dosing pressure and 30 min for each point. Prior to hydrogenation each sample was evacuated down to 1 Â 10 À6 mbar for 20 min to activate the surface of the particles. Desorption properties of the hydrogenated samples were examined by the Temperature Programmed Desorption (TPD) method by using the Sievert's apparatus coupled with the quadrupole mass spectrometer (Hiden Analytical). All the samples were heated with the linear ramp rate of 5 C/min under 99,999% purity helium flow. The intensity of hydrogen signal was measured and then plotted in the function of the temperature. Additionally, the thermal behavior of hydrogenated powders was investigated by a differential scanning calorimeter (DSC), using a LABSYS apparatus under the flow of argon gas at different heating rates (5-20 C/min).
Results and discussion
The X-ray diffraction powder patterns of mechanically alloyed Mg--Al--Zn powder mixture for different milling time are shown in Fig. 1a -f. It can be seen that the intensities of the diffraction peaks associated with Mg, Al and Zn elements are weakened within 15 min. and the formation of the Mg--Al--Zn quasicrystal became evident after 1 h. The X-ray peaks for milling time longer than 1 h are wide and their position and intensity ratio corresponds well to that of the Mg 44 Al 15 Zn 41 quasicrystal, reported earlier by Bokhonov et al., (2000) , Takeuchi et al., (1993) and Ivanov et al., (1991) . Additionally, the annealing of the milled sample at 200 C and 400 C for 12 h under vacuum (1 Â 10 À6 mbar) showed that the obtained quasicrystal is thermally stable at 200 C (Fig. 1g) . The diffraction peaks are greatly sharpened after annealing at 400 C and can be indexed without ambiguity as the 2/1 approximant (Fig. 1h) .
It is well consistent with the data reported by Bokhonov et al. (2000) . They found that at 340 C there is a reversible transformation of the quasicrystalline phase to the 2/1 approximate phase. It was also confirmed by our DSC investigations. The DSC spectrum for the mechanically alloyed the Mg 44 Al 15 Zn 41 quasicrystal is shown in Fig. 2 . There are two endothermic effects at 336 C and 522 C, respectively. The first effect (336 C) is associated with the reversible phase transformation from the quasicrystalline structure to the 2/1 cubic approximant and the second one, at temperature above 500 C, is responsible for the irreversible decomposition of the 2/1 approximant phase into other unidentified phases. However, our findings showed that the "high temperature phase" (2/1 approximant) can be stable upon cooling of the sample to room temperature. Probably, the special cooling conditions are required in order to obtain the reversible transformations of the 2/1 approximant to the quasicrystalline phase. Figure 3 shows the hydrogen absorption pressure versus composition isotherms for Mg 44 Al 15 Zn 41 at different temperatures. A sloping plateau is observed in the hydrogen absorption process. The maximum hydrogen concentration is about 0.6 wt% after gas-phase loading of hydrogen at 300 C and 400 C at about 100 bar. The equilibrium hydrogen pressure of the quasicrystalline sample at 200 C is much lower than its 2/1 approximant phase recorded at 400 C. The low equilibrium pressure was also observed for Ti-based quasicrystals above 200 C 106 J. Bystrzycki, M. Polanski, I. E. Malka et al. ( Konstanchuk et al., 2001; Kelton, 2004; Takasaki and Kelton, 2006) . Furthermore, TPD was carried out for samples hydrogenated at 200 C and 400 C. Figure 4 presents that the desorption peak is at about 370 C and 390 C, respectively and proceeds in one step. It is in good agreement with the DSC traces recorded for both samples (Fig. 5) . Two endothermic peaks at 364 C and 523 C are observed for the sample hydrided at 200 C. The same behavior is observed for the sample hydrided at 400 C but the first endothermic peak has a bimodal shape with the maximum at 393 C. The desorption effects at 370 C and 390 C are likely related to the desorption of MgH 2 and the phase transition of the quasicrystalline phase into the other "high temperature" phases.
Indeed, the only hydride phase detected by the XRD for the samples hydrogenated above 200 C is magnesium hydride (b-MgH 2 ) (Fig. 6) . The XRD pattern for samples hydrogenated at 100 C exhibits only the shifts of peaks to lower angles (Fig. 6a, b) (Fig. 6c ). In the case when the Mg 44 Al 15 Zn 41 quasicrystal is hydrogenated above 300 C, the formation of the FrankKasper phase as the main phase and b-MgH 2 are observed (Fig. 6d, e) . Figure 7 shows the BSE micrograph of Mg 44 Al 15 Zn 41 particle after hydriding at 400 C. The observations were carried out on the cross-section of the hydrided samples. Fine Mg-rich particles (black phase) are embedded by the Mg--Zn--Al matrix in the all investigated samples. It can be assumed that they are the MgH 2 phase. Light specks visible on the surface and in the matrix of the particle in Fig. 7 were identified by EDS as the MgZn 2 intermetallic compound. Although, it is well known that the EDS signal can overlap phases underneath of the surface (not visible). Nevertheless, there are regions with the composition very close to the stoichiometric composition of intermetallic phases found by the XRD analysis.
It must be noticed that the Mg 44 Al 15 Zn 41 quasicrystal after hydriding above 200 C decomposes irreversibly into different Mg--Zn based intermetallic compounds and the b-MgH 2 . There are some works in the literature on hydriding properties of Mg--Zn intermetallic compounds (Bruzzone et al., 1983; Song and Park, 1993; Deledda et al., 2007) . For example, Song and Park (1993) observed along with hydriding-dehydriding cycling, that the Mg 51 Zn 20 compound decomposes into Mg and other Mg--Zn intermetallic compounds. Among these phases, only Mg was hydrided and dehydrided during hydriding-dehydriding cycling. Moreover, Takeuchi et al. (1993) and Mizutani et al. (1993) observed the MgZn 2 phase as a precursor for the formation of the Mg--Al--Zn quasicrystalline phase. Therefore, it seems that this phase may be also considered as a transition phase during decomposition of the Mg--Al--Zn quasicrystal into its approximant while hydriding above 300 C.
Conclusions
The 
